The thermal coupling at water-solid interfaces is a key factor in controlling thermal resistance and the performance of nanoscale devices. This is especially important across the recently engineered nano-composite structures composed of a graphene-coated-metal surface. In this paper, a series of molecular dynamics simulations were conducted to investigate Kapitza length at the interface of liquid water and nano-composite surfaces of graphene-coated-Cu(1 1 1). We found that Kapitza length gradually increased and converged to the value measured on pure graphite surface with the increase of the number of graphene layers inserted on the Cu surface. Different than the earlier hypothesis on the ''transparency of graphene," the Kapitza length at the interface of mono-layer graphene coated Cu and water was found to be 2.5 times larger than the value of bare Cu surface. This drastic change of thermal resistance with the additional of a single graphene is validated by the surface energy calculations indicating that the mono-layer graphene allows only $18% van der Waals energy of underneath Cu to transmit. We introduced an ''overall interaction strength" value for the nano-composites based the quantitative contribution of pair interaction potentials of each material with water into the total surface energy in each case. Similar to earlier studies, results revealed that Kapitza length shows exponentially variation as a function of the estimated interaction strength of the nano-composite surfaces. The effect of Cu/graphene coupling on thermal behavior between the nano-composite with water was characterized. The Kapitza length was found to decrease significantly with increased Cu/graphene strength in the case of weak coupling, while this behavior becomes negligible with strong coupling of Cu and graphene.
Introduction
Progress in the area of integrated circuit technologies has led to the rapid growth of semiconductor industry. Currently, silicon and silicon-based materials used in semiconductors have entered the realm of sub-20 nm dimensions in order to meet the demand for low-power, multifunctional electronic chips with high performance and large data storage capabilities [1] . While the reduction in size smaller than 10 nm is a challenge for existing technology [2] , the future generation of devices will soon have lowdimensional physics founded by a single or couple of molecular structures. In such cases, graphene has been considered as a key material with potential to overcome the current limitations by providing extraordinary properties such as: high mechanical strength and flexibility [3] ; ultrahigh electron mobility [4] [5] ; and high ther-mal conductivity [6] . On such direction, one of the main technological accomplishments is the development of various approaches to synthesize graphene on metal substrates [7] . Graphene with a single atom thickness of carbon acts as an ultrathin oxidationresistant coating with minimal changes in the metal properties [8] .
Heat removal is a challenge that restricts the use of grapheneassisted surface coatings in nanoscale devices. The performance and reliability of these devices strongly depends on the efficient dissipation of heat from solid substrates to the surrounding environment or coolant systems. Therefore, understanding the effects of mono-or multi-layers graphene coatings onto thermal transport behavior at the interfaces of graphene-coated-metal structures that neighbor either solid or fluid is critical to thermal management design for new technologies. Recently, the interfacial thermal resistance, known as the Kapitza resistance [9] between liquid and metal/graphene nano-composite has attracted much attention with the objective of obtaining a deeper understanding of heat transport across the interface. For instance, the interfacial thermal http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.02.040 0017-9310/Ó 2016 Elsevier Ltd. All rights reserved. conductance and interfacial phonon transmission coefficients of nano-composite consisting of several layers of graphene sandwiched between silicon crystals were investigated in the study of Shen et al. [10] . Interfacial thermal resistance was found to depend not only on the strictly defined interface properties, but also to associate with the near interface-region when the confined graphene layer is strongly coupled with relatively neighboring materials [11] . Mao et al. [12] used first-principle calculations and an atomistic phonon transport model based on Landauer formalism to demonstrate the strong dependence of thermal transfer on the interlayer separation and stronger bonding of several solid materials with graphene. Chang et al. [13] found a strong dependence of interfacial thermal conductance on the number of graphene layers confined between metal phases. Despite multiple successful studies on metal/graphene systems, there are still very few data pertaining to the thermal behavior of graphene-coated-metal/liquid interfaces. Studies covering liquid water are particularly crucial due to the common use of water in numerous cooling applications for Micro and Nano Electro Mechanical System (MEMS and NEMS).
Over the past decade, molecular dynamics simulations has emerged as a powerful tool to investigate thermal resistance at the interface of solids and water, providing valuable insight into interfacial energy transfer mechanisms. In particular, Kapitza resistance at solid/liquid interfaces are found to depend significantly on the strength of the solid/liquid interaction [14] [15] [16] [17] , bulk liquid pressure and wettability of solid surfaces [18] , the surface temperature [19] [20] [21] [22] , the interaction energy per unit area of solid/water contact surfaces [23] , and hydrophilic headgroups or selfassembly of mono-layers with different chain lengths assigned onto solid surfaces [24] . With extraordinary properties of graphene, the understanding of interfacial thermal resistance at nano-composite surfaces that are composed of mono-or multilayers of graphene on metal surface and liquid water, is expected to play an important role towards the development of heat transfer and microfluidics devices.
For nano-composites of graphene-coated-metal substrates, water contact angle measurements were employed to characterize the surface energy between liquid water and the nanocomposite surfaces [25] [26] [27] . The simple Lorentz-Berthelot mixing rule [28] is not a reliable approach to calculate the interaction parameters of non-identical molecules. Hence, the interaction strength between metal/water and graphene/water were parameterized to match the experimentally measured contact angle of the corresponding substrate. This can provide a correct physical behavior for thermal vibrations between solid and liquid, and accurate modeling of the molecular heat transfer mechanisms at the interfaces [29] . The interaction strength between metal substrates and graphene is another important factor that influences the heat transfer across the interfaces of graphene-coatedmetal/water systems. For instance, Hopkins et al. [30] found that interfacial chemical bonding of both the phonon flux and the vibrational mismatch has significant influence on the thermal boundary conductance of the metal/graphene. Chen et al. [31] reported that out-of-plane acoustic phonon modes of graphene have significantly changed due to the strong coupled interaction strength between the metal substrate and graphene. In order to simulate the correct behavior of the phase transitions of partially confined copper nanowires inside carbon nanotubes, Guo et al. [32] obtained the Lennard-Jones (LJ) parameter of Cu-C using the mixing rule, and verified that value by first-principle density functional theory (DFT) calculations. Despite the parameter being suitable validated and universally approved in the research of heat transfer performance of metal coated interfaces [13, 33] , the 14% discrepancy of the binding energies calculated by MD simulations and the DFT approach is not the most suitable for Cu-C interaction strength [32] . Therefore, the dependence of interfacial thermal resistance on metal/graphene interaction strength needs to be investigated further.
In this work, a series of non-equilibrium molecular dynamics simulations were conducted to investigate the effects of graphene coatings on the interfacial thermal resistance between the graphene-coated-Cu(1 1 1) surface and liquid water. We utilized calibrated copper/water and graphene/water interaction strength parameters, which captured the wetting behaviors of the copper and graphite with liquid water. The copper/graphene coupling was also varied to characterize the impact of metal-graphene bonding on interfacial thermal transfer. The Kapitza lengths were measured while the number of graphene layers was varied from 1 to 5 in order to create different surface coating cases. The interfacial energies per unit area of nano-composite having different number of graphene layers with liquid water were theoretically calculated to predict the surface energy of each nano-composite case. We defined an overall interaction strength value between the nano-composite and water based on the quantitative contribution of Cu/water and graphene/water pair interaction potential energies into the calculated surface energy of the nanocomposite for each different case. The variation of overall nanocomposite/water interaction strength values were employed to characterize the variation of Kapitza length using our earlier exponential dependence theory.
Molecular structure and simulation details
A schematic diagram of the simulation structure is shown in Fig. 1 . Liquid water was confined between two parallel graphenecoated-Cu(1 1 1) surfaces in which the graphene-coated layer faces the fluid. The simulation dimensions were 30.95 Å in the x-direction, 33.28 Å in the y-direction, and the length of the z-direction was adjusted depending on the number of grapheneassist surface coatings. The copper formed by 13 layers of Cu (1 1 1) was 25.01 Å thick in the z-direction with an interlayer spacing of 2.084 Å. The number of graphene layers coated on the Cu (1 1 1) surfaces was from 1 to 5 and the interlayer spacing between the graphene-graphene and Cu-graphene was 3.4 Å. The liquid density in the middle of the simulation box was set to be close to saturated liquid water density at the corresponding temperature and pressure. Specifically, 2400 water molecules were contained in a volume of 30.95 Å Â 33.28 Å Â 70 Å, matching the saturated liquid water density of q ¼ 0:9957 g=cm 3 at temperature of 303 K and pressure of 4.5 kPa.
A Cu(1 1 1) surface structure was chosen as a solid base in this study as it was the best match with graphene [34] and the growth of graphene on Cu(1 1 1) was achieved in an ultrahigh vacuum chamber previously [35] . In particular, the lattice constant of Cu (1 1 1) is a Cu = 2.552 Å, while graphene's well-known honeycomb lattice structure matches the triangle-shaped lattice of the Cu (1 1 1) surface shown in Fig. 1(b and c) . The present lattice constant of graphene is 2.552 Å, which is approximately 3.74% higher than its original value of a Gr = 2.46 Å. The resulting graphene lattice constant has been shown to be a stable atomic structure at the graphene-copper interface, free from any defects or breakage of graphene sheets periodic condition [34, 36] .
In order to conduct non-equilibrium molecular dynamics simulations of heat transfer through these systems, the outermost layers of both sides of the simulation domains were fixed to their original positions to maintain a system of constant volume. Thermostats were placed at the outermost second and third layers of both solid walls. That means the thermostat reservoirs were small groups of solid atoms next to the outermost layers on the left and right hand side of the system corresponding to hot and cold thermostat regions, respectively. The remains of solid atoms and liquid water in the system were free to move without a thermostat applied when heat transfer occurred. Periodic boundary conditions were enforced in x-and y-directions.
In this study, for the purpose of simplicity and computational efficiency, the simple point charge (SPC/E) model was chosen, which can be described as an effective rigid pair potentials composed of Lennard-Jones (LJ) and Coulombic terms [37] . This water model has three interaction sites, corresponding to the three atoms of the water molecules. Each atom was assigned a point charge to model the long-range Coulombic interactions, and the oxygen atom also exhibited LJ potential to model van der Waals (vdW) forces. In particular, the partial charges q O = À0.8476e and q H = 0.4238e were assigned to oxygen and hydrogen atoms to model Coulombic interactions. Long-range electrostatic forces were calculated by a particle-particle, particle-mesh (PPPM) solver [28] . The harmonic O-H bond length of 0.1 nm and the H-O-H angle of 109.47°were kept rigid using the SHAKE algorithm [38] . LJ interactions were calculated between the wall molecules and the oxygen atoms of the liquid water. We use the truncated LJ (12-6) potential to model the vdW interactions given as
where e is the binding potential between solid and liquid, r ij is the intermolecular distance, r is the finite molecular distance at which interatomic potential is zero, and r c is the cut-off distance. Intermolecular forces between the Cu molecules were modeled by the embedded atom method (EAM) [39] , which describes the total energy of a metal by calculating the embedding energy as a function of the atomic electron density. In order to model the interatomic interactions of C-C in the graphene sheets, the adaptive intermolecular reactive empirical bond-order (AIREBO) potential [40] was employed. The AIREBO potential is widely used to calculate the potential energy of covalent bonds and interatomic forces in condensed-phase hydrocarbon systems such as graphite. In our study, the calibration of interaction strength and molecular distance parameters of solid with liquid water were conducted by measuring the contact angle of 2000 water molecules droplet on pure Cu and 5-layers of graphene coated Cu substrates. Specifically, we used Lorentz-Berthelot [28] mixing rules to define the distance parameter between Cu and water as r The parameters between graphite and water were e C-O ¼ 0:00412 eV, r C-O ¼ 3:19 Å which also recovered the corresponding microscopic contact angle of 96.1°. The measured contact angle values of our study were found in a good agreement with reported values from the studies of Rafiee et al. [25] for bare Cu (85.9°), and Werder et al. [42] for graphite (95.3°), respectively. LJ potentials were also used to model the interactions between metal and graphene sheets. We used the parameters reported by Guo et al. [32] which were e Cu-C ¼ 0:02578 eV and r CuÀC ¼ 3:0825 Å. The details of molecular parameters used are given in Table 1 .
The Irving-Kirkwood (I-K) expression was utilized to calculate the heat flux vector for an N particles system using unity differential operator approximation as follows [43, 44] :
where the first term on the right hand side of Eq. (2) represents the kinetic (E i ) and potential (U i ) energies carried by particle i; and the second term is the energy transfer to particle i by force interactions Table 1 Interaction parameters were used for simulation domains.
Interaction with the surrounding particles which is represented in terms of virial component of per-atom stress tensor (S i k ) and velocity of particle (v i k ). Specifically, the kinetic energy of particle is expressed in Eq. (3), while potential energy is extracted from Eq. (1). Eq. (4) represents the stress tensor for atom i in the axes k of the Cartesian coordinate system, excluding kinetic energy term as we described in our previous study [18] . The contribution of intermolecular forces were extracted from viral of atomistic stress tensor as the first term is a pairwise energy contribution where n loops over the N p neighbors of atom i, r 1 k and r 2 k are the positions, and F 1 k and F 2 k are the forces of the two atoms in the pair-wise interaction; the second and third terms are bond and angle contribution on atom i; the Kspace term is the contribution from long-range Coulombic interactions for PPPM solver; and finally, fifth term is the SHAKE internal constraint force to particle i. Therefore, an overall heat flux was calculated in the water volume using Eq. (2) by considering the contributions of each atom within a water molecule.
Simulations began with an NVT (constant number of molecules, constant volume, and constant temperature) ensemble to establish system equilibrium in the first 2 ns. In this state, the Maxwell-Boltzmann velocity distribution was used as the initial velocity for all molecules, and a Nose-Hoover thermostat maintained system temperature of 320 K. In order to induce heat flux across the simulation domain, different temperatures were assigned to hot and cold reservoirs using Langevin thermostat, while the remaining solid lattices and fluid were maintained at NVE (constant number of molecules, constant volume, and constant energy) ensemble. In this second state, heat transfer simulations were performed for 6 ns, with the first 2 ns allowed for the system to reach a steady state in the presence of applied heat, and the rest for averaging system's temperature distributions and heat flux. The simulation time step was set as 1.0 femtosecond (fs). All simulations were performed using LAMMPS [45] .
Results and discussion

Effect of number of graphene layers on Kapitza length
In order to understand the effect of number of the graphene layers to the near surface liquid structures, the local density distributions were studied by dividing the simulation domains into slab bins with a bin size of 0.2 Å in the z-direction. Despite the fact that the chosen small bin size could induce significant fluctuations in local temperature calculations near solid surfaces [18] , small size bin is an advantage to define the location of surface and the separation distance from solid to liquid region accurately. Density distributions of liquid water near the hot surface are given in Fig. 2 , where the yellow shade color indicates the solid region. Water density exhibited oscillatory behavior over several atomic distances from the solid surface. This oscillation gradually converged to a constant value of 1 g/cm 3 in the bulk region of the channel. In the density layering found on the interface, liquid molecules mimicked the solid lattice structure under the dominant surface forces in this region. The increase in water density is governed by the surface energies between water and solid substrates. In case of graphene-coated-Cu surface, graphene separates Cu from liquid molecules; and hence, graphene mostly contributes to surface energy despite the stronger depth of potential well of Cu with liquid water. The change of water density with the addition of graphene layer can be understood by comparing the Cu-O and C-O interaction strengths given in Table 1 . Specifically, the interaction
As a result, the interaction strength between pure Cu with liquid water is stronger than the case of coating it with graphene layers. Stronger interaction potential also created smaller depletion region of liquid water next to Cu than the depletion length next to the graphene. In particular, the first liquid water density maxima is 2.5 Å away from pure Cu surface, while the location of this maxima is 3.2 Å away from graphene. As discussed in our previous study in details [18] , density depletion length can be considered as a quantity to represent the thermal coupling of solid with water as a function of surface properties.
Despite the significant change of water density with the addition of the first graphene layer, graphene-coated-Cu surface density profiles found similar to each other. The density profile remains unchanged by the addition of more graphene layers from 1 to 5. This reveals that the interactions between graphene coating and water dominates in graphene/Cu nano-structure; which allows only partial transmission of the energy from the Cu to the liquid domain. This result can be considered as the first evidence of the behavior observed here as the partial transparency. This observation challenged the wetting transparency of graphene observed in Ref. [25] , which presents a negligible change of water structure next to solid substrate with the first graphene coating, and it continued changing by the increase of number of graphene up to three layers. We will further investigate this result by studying the surface energy and the interfacial thermal resistance in the following parts. Fig. 3 shows temperature distribution along the z-direction in the channel of a pure Cu, mono-, tri-and penta-layer graphene on a Cu surface obtained for the simulation procedure described in the previous section. The hot reservoir on the left was maintained at 360 K, while the cold reservoir on the right was maintained at 280 K. After reaching steady state in the presence of temperature difference in the system, the local temperature was varied as a linear function with respect to position in the bulk liquid region. The local temperature measurements undergo fluctuations at the near interface as a result of the very fine bin size chosen (0.2 Å in the z-direction) to define the local density distributions. Owing to the density oscillations and depletion layers, the limited number of liquid molecules occupied in several local bins induced fluctuation of temperature values [18, 46] . These liquid temperatures cannot be utilized to define temperature jump at the interfaces. With a coarser bin size, the fluctuations should diminish as shown in Fig. 3 . Therefore, interfacial temperature jumps were determined by extrapolating the linear temperature from middle of channel (black line) to the solid surfaces, which were indicated by black arrows in Fig. 3 .
We observed temperature jumps between solid and liquid domains due to the mismatch in phonon spectrum. There forms an additional temperature discontinuity at Cu/graphene interface with the addition of graphene coating on Cu, indicating the effects of solid/solid interactions of different materials of nano-composite structure into the overall interfacial thermal resistance between solid surface and water. For simplicity, temperature jump was defined by extrapolating linear temperature from Cu substrates towards to solid/liquid interfaces across graphene layers. Thus, temperature jump calculations included both interface and nearinterface temperature mismatch of graphene/water and Cu/graphene regions, respectively [11] . Fig. 3 gives the temperature gradient within graphene domain as well. The temperature difference between the first graphene layer in contact with Cu were smaller than the difference with the rest of the graphene domains. This observation predicted that the thermal resistance forming between Cu and graphene is governed by the resistance at the region adjacent interface in addition to the interface itself [11] . Temperature jumps at both hot and cold solid walls were identical, indicating the negligible effects of wall temperature on interfacial thermal resistance.
To gain insight into the heat transfer mechanism across the interface between water and graphene-coated-Cu (1 1 1) , we calculated the heat flux using Eq. (2), and utilized the temperature gradient ðrTÞ of MD temperature profiles to determine the thermal conductivity (k) of confined water using Fourier's lawj ¼ ÀkrT.
For a given heat fluxj, the temperature jump can be associated with interfacial thermal resistance, which is a well-known called the Kapitza resistance (R K ) and is described as DT ¼ ÀR Kj :ñ; wherẽ n is the outward unit normal from the wall. Simultaneously, the Kapitza length (L K ) is defined as the thickness of the bulk medium extrapolated from the temperature profile of liquid to solid where the wall temperature is reached. The Kapitza length can be denoted as DT ¼ L K @T @n liquid , where @T=@n is the temperature gradient on the liquid side. Heat flux was calculated using Eq. (2) is shown in Fig. 4 (a), which was illustrated to decrease with an increase of the graphene coating layers. Fig. 4(b) shows the thermal conductivity predicted using Fourier's law, which yielded a constant value of 0.85 W/mK at an average temperature of 320 K. Therefore, the results supports the idea that the thermal resistance on the interface solely depends on the interfacial characteristics, and the thermal conductivity of the liquid is independent of the thermal resistance at the interface. This result was expected since the thermal conductivity is a material property, while the heat flux and temperature gradient depend on transport at the interface. In addition, liquid water pressure inside the channel was found to be 42.5 MPa at the corresponding density of 1 g/cm 3 and temperature of 320 K. Those of results are in a good agreement with liquid water properties at the similar conditions reported by Romer et al. [47] . Higher pressure and density than the initial setup values (see Section 2) were observed due to the reduction of liquid volume as a result of depletion layers formation within nanochannel. In principle, small variations in volume of confined liquid induce large deviations in density and pressure, which is characteristic of nanoscale systems (i.e., limited volume and finite number of molecules). This phenomenon was widely observed in computer simulations of fluid film confined between solid walls [48, 49] . Increase of water pressure provides advantage of non-evaporable liquid in nanochannel which should be maintained within temperature range of simulation domain. Also, it was validated that the simulated pressure value has no effect on the calculated interface thermal resistance due to the high atomic packing factor of Cu (1 1 1) and graphite surface which was investigated in detail in an earlier study [18] . Furthermore, the three-dimensional adsorption structure of liquid water on solid surfaces could be a key factor defining the thermal resistance at solid/liquid interfaces. However, such resolution requires further molecular studies which are beyond the scope of current research.
The variation of Kapitza length as a function of the number of graphene layers is shown in Fig. 5 where the addition of graphene layers on the Cu surface increases the Kapitza length values monotonically. The Kapitza length measured at the mono-layers of graphene-coated-Cu were approximately 2.5 times larger than the value at the bare Cu surface. Such behavior develops as a result of the translucent barrier of mono-layer graphene at the solid wall, and supports to an idea that graphene is only partial transparency [27, 50, 51] . These results are in contrast to the wetting transparency of graphene reported previously [25] which suggested that a single graphene layer allowed the significant transmission of vdW force from the solid wall to liquid water above the graphene. For interfaces that had more than two graphene layers, the thermal resistance gradually converged to the value measured between pure graphite and liquid water.
The calculated Kapitza resistance and Kapitza length values were in good agreement with the existing experimental measurements of the interfacial thermal resistance between the water and solids. In particular, Ge et al. [52] found a typical thermal conductance ðG K ¼ 1=R K Þ at hydrophilic surfaces to be G K ¼ 100 MWm À2 K À1 which corresponded to a Kapitza length of L K ¼ 6 nm. On the other hand, an interfacial thermal conductance of G K ¼ 12 MWm À2 K À1 [53] was observed at the interface of hydrophobic carbon nanotube suspended in liquid water, which yielded a significantly large Kapitza length of L K ¼ 50 nm. Similar to these experimental measurements, our calculations of the interface thermal conductance shows variation over a large range of 18-88 MWm À2 K À1 corresponding to a range of Kapitza length of 9-46 nm.
Effects of number of graphene layers to surface energy
The broad range of interfacial thermal resistance obtained from hydrophilic to hydrophobic surface chemistries can be characterized associating with the effects of graphene layers on the surface energy between water and the nano-composite structure. The direct correlation between the surface energy per unit area with interfacial thermal resistance has been found in several previous studies using MD simulations [54, 55] . In order to validate that correlation in our system, it was necessary to investigate how the graphene layer affected the surface energy per unit area of the nanocomposite structure with liquid water.
Adding graphene layers on Cu(1 1 1) directly impacted the surface energy of the nano-composite structure. The surface energy exerted on liquid water was formed due not only to water/Cu interactions, but also water/graphene molecular force interactions depending on the number of graphene layers. Owing to the immense complexity to calculate the quantities of Cu/water and graphene/water energies separately within current simulation box, the surface energy is very sensitive to the penetration depth of energies in liquid region from both Cu and graphene, and to the local effects including liquid density fluctuations and water/ water interaction contributions into energy calculations in this region. The interfacial energies were calculated using mathematical expression for surface interactions energy between macroscopic objects based on its correlations with surface tension (or water contact angle on solid substrates) [56] [57] [58] . The fundamental goal of this modeling is to consider one material surface is coated by a very thin layer of other that changes their wetting properties with liquid water. In order to characterize the surface energy in such systems, a quantitative description of long-range vdW attraction and short-range repulsion between each pair of materials is required. This approach has successfully defined the surface energy of colloidal particles coated by polymers [59] or thin polystyrene films dewetting solid substrates [60] .
The general expression of interfacial energy between two flat bodies is given as UðhÞ ¼ c=h 8 À A=12ph 2 [57] , in which the first term describes the strength of the short-range repulsive interactions with free parameter c, and the second term denotes a longrange attraction of vdW potential with the Hamaker constant A, while h is the separation distance between two bodies. In our study, free parameters c for water/Cu and water/graphite were reproduced by calculating surface tension energy via measuring microscopic water contact angle (h) on bare Cu, and 5 graphenecoated as jUðhÞj ¼ cð1 þ cos hÞ, where c is surface tension of liquid water. For composited surface of graphene-coated on the Cu (1 1 1) , the interaction energy can be approximated as [25] :
where h is the separation between water and graphene, d is the thickness of the graphene film including the interlayer spacing between graphene and Cu. Despite the well agreement of microscopic contact angle measurements on Cu (86.1°) and 5 graphenecoated Cu substrate (96.1°) with experimental [25] and simulations [42] which yielded the values of c as c W=Cu ¼ 2:482 Â 10 À80 J m 6 and c W=Cu ¼ 2:951 Â 10 À81 J m 6 , the parameters c further requires the fulfillment of macroscopic level, which cannot be obtained with a 2000 water molecules droplet of our MD simulations. Therefore, we adopted the c values from Ref. [25] as c W=Cu ¼ 2:52 Â 10 À80 J m 6 and c W=Gr ¼ 0:98 Â 10 À80 J m 6 which recovered the macroscopic contact angle of water on Cu (85.9°) and graphite (90.6°) for our theoretical calculations. Eq. (5) is an expression for the interaction energy of the nano-composite structure depending on the thickness of graphene films coated on the Cu. Eq. (5) also provides a characterization of the interfacial energy of our system from bare Cu to the graphite surface. Specially, it reduces to the interfacial energy of liquid water with bare Cu when d ¼ 0, and expands to pure graphite when d approaches infinity. Furthermore, the quantitative energy contribution by each pair of interactions water/Cu and water/graphene to the total interfacial energy can be determined separately from Eq. (5). After reaching steady state in the presence of heat transfer, the equilibrium separation h was found to be 1.83 Å and 1.93 Å at the interface of water with bare Cu and water with a graphene surface, respectively. Those values are found different from the ones reported by Rafiee et al. [25] . Different than ref [25] assuming frozen surfaces where the molecules are fixed in their corresponding crystal structures, we considered the interactions between Cu-Cu, graphene-graphene, and Cu-graphene molecules in our MD simulations. Neglecting the thermal vibrations of solid surfaces may create computationally cheaper simulation; however, we validated in an earlier water/silicon wetting study [29] that the frozen/fixed surface systems developed unphysical behaviors. The interlayer spacing d between the Cu surface and mono-layer graphene was measured as 2.9 Å, that values increased more 3.4 Å when an additional alternating graphene layer was added. Fig. 6 demonstrated the dependence of interfacial energy per unit area on the number of graphene layers. The value of the interfacial energy per unit area varied significantly when inserting mono-layer graphene between water and the bare Cu surface, indicating the strong effect of the graphene layer on the surface adsorption energy of the nano-composite structure with liquid water. This observation further supported the partially wetting transparency of graphene discussed in the previous section. The interfacial energy per unit area of the nano-composite structures converged to a value measured between graphite and water when more graphene layers were inserted on the Cu surface, reinforcing the water density structures described in Fig. 2 remain unchanged . The dependence of the surface energy of nano-composites structures on the number graphene layers was shown to be related to the interfacial thermal resistance as well. The interfacial thermal resistance has been found to be inversely proportional to the surface energy, which means the thermal resistance increased with a decrease in the surface energy [23, 54, 55] . Since the interaction strength coefficients between water/Cu and water/graphene were unchanged, the increase of number graphene layers led to the dominant surface interaction potential between the carbon atoms in graphene and liquid molecules rather than the contribution of solid Cu interactions with liquid to the entire surface energy. Thus, the solid surface interaction strength was predicted to vary from the strong surface adsorption of hydrophilic Cu to the weak surface adsorption of hydrophobic nano-composite structures with liquid water, thereby increasing Kapitza length at the interface with graphene-coated layers.
Eq. (5) not only characterizes the total adhesion energy between liquid water and nano-composite surface, but also allows the quantitative reconstruction of surface interaction energies of water/Cu and water/graphene separately. Fig. 7(bottom) illustrates the variations of the interaction energy between each pair of materials specifically in different cases. Once again, mono-layer graphene coated on the Cu broke down the wetting transparency properties of graphene by indicating that it was only 18% the interaction energy of the bare Cu transmitted across the graphene layer. It was also noted that the adsorption energy between water and mono-layer graphene was found to be 49:16 mJ=m 2 which is in agreement with the results observed both experimentally ð46:7 mJ=m 2 Þ [61], and mathematically ð49:1 mJ=m 2 Þ [62] . The adsorption energy between water and graphite converged to a value of 58:75 mJ=m 2 with five graphene layers coated on the Cu surface, which was similar to the experimental value of 54:8 mJ=m 2 [61] , and the computational value of 59:9 mJ=m 2 [62] , respectively. In addition, the surface energy calculated between the mono-layer graphene with water was approximately 16% less than that value observed with graphite with water, suggesting that the graphene sheet was more hydrophobic than the graphite sheet. A comparable observation is represented in several previous studies [27, 50, 61, 62] .
It is hypothesized that the interaction strength between nanocomposite solid walls with liquid water is the integration of each molecular pair-wise interaction across the interface, which may be determined as:
where a is the percentage of the interaction energy per unit area of Cu surface with liquid water that is commensurate with the number of graphene layers on the Cu surface, and the rest is the contribution of the interaction energy of graphene with liquid water. In particular, the interaction strength of the nano-composite structure now varies within the range observed in liquid water with bare Cu to the value found with liquid water and bulk graphite which depends on the number of graphene layers on the Cu surface. The overall surface/liquid interaction strength values ðe sl Þ calculated by Eq. (6) were normalized with the well-known interaction potential value of water molecules ðe ll Þ to assist in systematically sorting the binding energy parameter for solid/liquid interaction as seen in previous studies [14] [15] [16] [17] . Fig. 7(top) illustrates the variations of the solid/liquid interaction strength on the number of graphene layers coated on the Cu surface. The interaction strength parameters were derived from the surface energy per unit area of the nano-composite structure with different geometries of the subsurface regime of graphene. Therefore, they show behavior similar to that of the surface energy per unit area as indicated in Fig. 6 .
The dependence of Kapitza length on surface wettability is used as the fundamental property characterizing heat transfer across the solid/liquid interface. Specifically, the exponential variation of the Kapitza length as a function of the surface wettability was shown for e sl =e ll 6 1 in the studies of Xue et al. [15] and Kim et al. [16] . Those of studies established a comprehensive empirical heat transfer model based on the intermolecular interaction strength using MD simulations. Therefore, a similar approach used herein provides insight into the heat transfer mechanism across the interface of the nano-composite structure with liquid water. Fig. 8 reveals the variation of Kapitza length as a function of solid/liquid interaction strength, which depended on the thickness of graphene films. The use of curve fitting with the data allowed an approximation of the Kapitza length L K / expðc Â e sl =e ll Þ within the range of 0:61 6 e sl =e ll 6 1:1, with c ¼ À3:436. The coefficient c was found to be À1.9 in the study of Xue et al. [15] , and À1.85 in the study of Kim et al. [16, 17] , respectively. The discrepancy of the present data with the aforementioned studies can be explained as the follows: (1) the atomic mass and size of both solid and liquid atoms were assume to be equal in prior studies, which is not practical given the reality of most materials; (2) the solid materials in the present study were modeled by well-known and accurate force fields of EAM and AIREBO potentials with respect to Cu and graphene. They included the potential energy of the electron density for Cu atoms or of the covalent bonds for carbon atoms which was far more complex and exhibited multiple degrees of freedom as opposed to the LJ interatomic potential [15] or simple massspring harmonic vibrations with a single degree of freedom [16, 17] ; (3) The solid surface consisted of nano-composite structures of graphene layers coated on Cu, in which the solid/liquid interaction strength was the integration of both solid materials with liquid water, and showed a significant dependence on the thickness of the subsurface composites; i.e., the number of graphene layers; (4) The SPC/E liquid water model was described as effective pair potentials composed of LJ and Coulombic term that was more sophisticated than monoatomic species like liquid argon, and caused the deviations in the results. We expect that our finding will play a key role in the design of heat dissipation across nanocomposite/water interfaces in nanoscale.
Effects of Cu/graphene interaction strength on Kapitza resistance
To analyze the effects of the interaction strength between the Cu(1 1 1) surface and graphene on interfacial thermal resistance of nano-composite structures with liquid water, we performed a series of simulations in the system of single graphene-coated on Cu(1 1 1) at different e Cu=C , which were on the order of the value shown in Table 1 Fig. 9 . We observed that Kapitza length separated into two different regimes at a critical value of e Cu=C =e ll ¼ 1:6. Regime 1 demonstrated a significant dependence of Kapitza length on the weak coupling of Cu and graphene. On the other hand, Kapitza resistance decreased slightly with strong coupling of Cu and graphene in regime 2. The negligible change of Kapitza length throughout regime 2 indicated that it was a finite limit for the maximum value of e Cu=C =e ll , and that thermal resistance should persist under strong repulsive forces that prevent the overlap of molecules. Therefore, the dependence of Kapitza length on the parameter of e Cu=C =e ll should not be utilized at extreme limits [15] . Interestingly, our results illustrated a notable increase of temperature jumps at the interlayer of Cu and graphene with weak atomic bonding that enlarged the Kapitza length at the interface of nano-composite structure with liquid water. At the same time, the interlayer spacing between Cu and graphene, and interface spacing between graphene with water remained unchanged. Therefore, the theoretical atomics force macroscopic approach, which depends on the thickness of subsurface graphene, cannot fully explain the surface energy and interaction strength of the nano-composite structure with different interaction strength values of Cu and graphene layers ðe Cu=C =e ll Þ. Despite the limitations in characterizing the interaction strength of the nano-composite structure with different e Cu=C values, our results still indicated the significant dependence of interfacial thermal resistance on the solid/solid interaction strength of the materials that were composed of Cu and graphene. An advanced model that completely defines the dependence of the strength of the nano-composite interaction with regards to solid/solid bonding strength will be the primary focus of future work.
Conclusion
We have systematically investigated the effects of the number of graphene layers on Kapitza length between the nanocomposite structures and water using non-equilibrium molecular dynamics. Our results revealed that the Kapitza length gradually increased with the increase of the number of graphene layers coated on the Cu surface. The measured monotonic decrease of the interfacial energy per unit area with the addition of graphene layers on the Cu surface explained the observed increase of the Kapitza length. The Kapitza length at the interface of the monolayer graphene and water was found 2.5 times larger than that value measured at the bare Cu surface. This result challenges the hypothesis of ''transparency of graphene coating" introduced by the earlier researchers. The calculated surface energy of monolayer graphene also indicated that graphene transmits only $18% of the van der Waals energy of the Cu surface to the liquid domain, which reinforced the wetting translucency of graphene.
We further studied the corresponding contributions of the water/Cu and water/graphene interactions into the resulted interfacial energies of the each cases having different number of graphene layers. Using the strength values for water/Cu and water/graphene interactions, we calculated an overall interaction strength value for the nano-composites depending on the energy contribution of the each material forming the structure. Similar to our earlier investigations [16, 17] , the variation of the Kapitza length was found to be an exponential function of the estimated interaction strength values for nano-composite structures. Furthermore, the effect of Cu/graphene interactions on Kapitza length at the interface was also investigated. Change in Kapitza length was negligible in the case of strong coupling of Cu/graphene; however, it exhibited high thermal resistance with weak atomic bonding of Cu and graphene. Result offers a significant insight into the intermolecular interactions taking place at nano-composite surfaces, and provides an estimation of the interfacial thermal resistance between graphene-coated-metal surfaces and liquid water in heat transfer devices.
